INTRODUCTION {#ss1}
============

Melanoma is a malignant cancer that arises from the transformation of melanocyte, the melanin-synthesizing cell in the skin. Although surgical resection is curative in its early stage, patients with metastatic melanoma show very poor prognosis. Standard cytotoxic chemotherapy gives very low response rate and immunotherapy with ipilimumab or interferon α shows somewhat improved responses in approximately 10% of metastatic melanoma patients ([@ref11]). More recently, based on the fact that about half of metastatic melanoma patients harbor BRAF V600E mutation, small-molecule inhibitors such as vemurafenib and trametinib targeting this driver mutation or its downstream regulatory factor in extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway have been developed and approved worldwide ([@ref23]). Unfortunately, treatments of chemotherapeutic or molecular targeted drugs as monotherapy exhibit only transient responses due to development of drug resistance which results in recurrence and further progression of tumor ([@ref20]; [@ref28]).

Metformin is a biguanide derivative that has been widely used as a first-line therapeutic drug for type II diabetes mellitus for over 50 years. Metformin decreases blood glucose levels by inhibiting gluconeogenesis in liver and increasing uptake and utilization of glucose by skeletal muscle ([@ref25]). It also proved to be well-tolerable drug with low cost for the treatment of diabetic patients. During last decade, several studies suggest that treatment of metformin in diabetic patients lowers cancer risk and reduces cancer incidence ([@ref4]; [@ref14]; [@ref26]). Preclinical studies revealed that metformin inhibits cell proliferation and tumor growth in various cancer cell lines including melanoma both *in vitro* and *in vivo* ([@ref2]; [@ref7]). Clinical trials also showed promising results, in which metformin treatment in non-diabetic patients with various cancers decreases the expression of Ki-67, a marker of cell proliferation ([@ref22]; [@ref12]; [@ref24]). In addition, metformin has been reported to inhibit cell invasion and metastasis in many cancer cells, including melanoma cells ([@ref2]; [@ref9]).

The molecular mechanisms underlying antitumor effect of metformin have been demonstrated but revealed as a much more complex nature ([@ref27]). The most well-known effect of metformin is the inhibition of complex I in the mitochondrial electron transport chain, which leads to increasing the intracellular AMP/ATP ratio. The high AMP/ATP ratio in turn activates adenosine monophosphate activated protein kinase (AMPK), a heterotrimeric serine/threonine protein kinase which regulates the multiple signaling pathways involved in cancer cell proliferation, including the suppression of mammalian target of rapamycin (mTOR) pathway ([@ref7]). Metformin-mediated AMPK activation and mTOR inhibition suppress cell proliferation through reducing phosphorylation of its major downstream targets, the 70 kDa ribosomal protein kinase S6 (p70S6K) and eukaryotic initiation factor 4E-binding protein1 (4E-BP1) ([@ref25]).

Paclitaxel (Taxol) is a frontline chemotherapeutic drug with a strong antitumor activity and has been used clinically for many years as a monotherapy or combination with other anticancer agents to treat a number of types of cancer including melanoma ([@ref15]). Binding of paclitaxel to β-tubulin stabilizes the microtubule polymer and protects it from disassembly, which leads to immediate cell cycle arrest at the G2/M phase, followed by apoptotic cell death ([@ref6]). However, the response rate of paclitaxel monotherapy is very low with 10%--15% and serious side effects plus drug resistance are significant clinical problems to the application of this drug in melanoma ([@ref10]). Several studies revealed that resistance to paclitaxel is associated with the activation of ERK/MAPK pathway and inhibition of this pathway selectively potentiates the paclitaxel-induced cell death in diverse cancer ([@ref19]; [@ref8]). Considering that ERK/MAPK pathway is associated with the regulation of cell survival and proliferation and mutations of BRAF and NRAS are found in 60% and 20% in malignant melanoma respectively, activation of ERK/MAPK pathway in response to paclitaxel could compromise the anticancer effect of this drug. Of note, several recent reports showed that paclitaxel enhances metastasis by inducing the migration and invasion of cancer cells ([@ref29]; [@ref18]).

Our previous report revealed that metformin suppresses ERK activation ([@ref13]), which provides a rational molecular basis for the combination therapy of metformin and paclitaxel. The aims of this study were to determine the combined effect of metformin and paclitaxel on cell survival, and to explore the effect of combination of paclitaxel and metformin on metastasis by monitoring the regulation of proteins involved in epithelial-mesen­chymal transition (EMT) in melanoma cell line SK-MEL-28. Here, we show that the combination of paclitaxel and metformin has synergistic effect on cell survival and suppresses the expression of proteins implicated in cancer metastasis.

MATERIALS AND METHODS {#ss2}
=====================

1.. Reagents and cell culture {#ss3}
-----------------------------

The human melanoma cancer cell line SK-MEL-28 was purchased from Korean Cell Line Bank (Seoul, Korea). The cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% (vol/vol) heat inactivated fetal bovine serum (Gibco BRL) and 1% streptomycin/penicillin at 37℃ in a humidified atmosphere consisting of 5% CO~2~ and 95% air. Cells were maintained mycoplasma free by treating 5 µg/mL of Plasmocin (InvivoGen). Paclitaxel was obtained from Sigma-Aldrich. The compound was initially dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) to a concentration of 1 mM and further diluted in DMEM media. Metformin (also known as 1,1-dimethylbiguanide hydrochloride) was purchased from Sigma-Aldrich and dissolved in DMEM media to a working concentration of 100 mM.

2.. Cell viability assay {#ss4}
------------------------

MTT assay was applied to measure cell viability as described previously ([@ref17]). Briefly, cells were harvested and seeded in 24-well plates at a concentration of 5×10^4^ cells/well for 24 hr. Then, cells were treated with increasing concentrations of paclitaxel (2--10 nM), metformin (0.5--2.5 mM), their combinations or vehicle control for 72 hr. Experiments were performed in triplicate, each conducted in quadruplicate. The IC~50~ values (concentrations of drugs resulting in 50% decrease in cell viability relative to controls), combination index (CI) and drug reduction index (DRI) were calculated using CompuSyn software (ComboSyn Inc). The CI value is a quantitative measure of the degree of drugs interaction. According to the recommendation of Chou-Talalay ([@ref3]), CI\<1 indicates synergistic effects of drugs; CI=1 indicates additive effect; CI\>1 indicates antagonism. DRI denotes how many folds of dose reduction are allowed for each drug due to synergism as compared to the dose of each drug alone.

3.. Western blotting {#ss5}
--------------------

Western blotting assays were carried out as previously described ([@ref17]). Primary antibodies included pERK1/2 (Tyr204), ERK1/2, cyclin D1, N-cadherin, secreted protein acidic and rich in cysteine (SPARC), integrin αV, integrin β3, fibronectin, GAPDH, β-actin (all from Santa Cruz Biotechnology), and p4E-BP1 (Ser65), 4E-BP1, pS6 (Ser240/244), pS6 (Ser235/236), S6, pAMPKα (Tyr172), AMPKα1/2, pp38 (Thr180/Tyr182), p38 (all from Cell Signaling Technology, MA, USA). Following incubation with secondary antibodies conjugated to horseradish peroxidase (Cell Signaling), immunoreactivity was detected with enhanced chemiluminescence method (Santa Cruz Biotechnology).

4.. Colony formation assay {#ss6}
--------------------------

Cells were plated in 6-well culture dishes at a density of 600 cells per well. After 24 hr, cells were treated with pa­clitaxel, metformin and their combination. Every three days, medium was changed with fresh medium containing the corresponding concentration of the drugs. Following 15-day treatment, cell colonies were washed with cold PBS and then fixed with ice-cold 100% methanol. Cells were stained with 0.1% crystal violet in 20% methanol for 10 min and pictures were taken with a digital camera (Olympus).

RESULTS {#ss7}
=======

1.. Effect of paclitaxel and metformin on the activity of signaling pathways {#ss8}
----------------------------------------------------------------------------

To determine whether single agent paclitaxel and metformin could affect the activity of cell signaling pathways in SK-MEL-28 melanoma cells, we first screened the alterations of main downstream effector proteins of mTOR, ERK/MAPK and p38 MAPK pathways following treatment of paclitaxel and metformin for 24 hr. As shown in [Fig. 1](#f1){ref-type="fig"}, metformin inhibited the levels of pERK, p4E-BP1, pS6 (Ser235/236), pS6 (Ser240/244), pp38 and cyclin D1 in a dose-dependent manner, and increased the phosphorylation of AMPK. On the other hand, paclitaxel slightly increased the levels of pERK, p4E-BP1 and pp38, and it marginally decreased the phosphorylation AMPK. Paclita­xel had no obvious effect on pS6 (Ser235/236), pS6 (Ser 240/244) and cyclin D1. These results show that metformin exerts its effect in the direction of inhibiting cell signaling pathways implicated in cell survival and proliferation whereas paclitaxel plays its effect toward activation of those signaling pathways.

![Western blot analysis for downstream effector proteins involved in cell signaling pathways. SK-MEL-28 melanoma cells were treated with increasing doses of paclitaxel (1--10 nM) or metformin (0.5--4 mM) for 24 hr. Phosphorylation was determined with antibodies against specific phospho-proteins compared to their total proteins. Gly­ceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.](dr-23-2-119-g1){#f1}

2.. Effect of paclitaxel, metformin and their combination on melanoma cell suvival {#ss9}
----------------------------------------------------------------------------------

To evaluate the effect of paclitaxel, metformin or their combination on cell viability, SK-MEL-28 melanoma cells were treated with varying concentrations of drug as single agent or their combination for 72 hr, and cell viability was analyzed using MTT assay. As anticipated, relative cell viability was decreased following treatment of paclitaxel or metformin in a dose-dependent manner. IC~50~ values (concentrations of drugs leading to 50% decrease in cell viability relative to controls) for paclitaxel and metformin were 12.8 nM and 3.1 mM, respectively. Combination of two drugs led to a greater inhibition of cell viability than those of paclitaxel or metformin alone ([Fig. 2A](#f2){ref-type="fig"}). To quantify the response of melanoma cells to the combination of paclitaxel and metformin, we combined two drugs in a constant ratio to each other and measured CI and DRI using CompuSyn software. The CI values ranged from 0.8 (at the combination of 10 nM paclitaxel and 2.5 mM metformin) to 0.49 (at the combination of 4 nM paclitaxel and 1 mM metformin) and CI value at ED~50~ was 0.56 indicating synergism according to the method of Chou-Talalay ([@ref3], [Fig. 2B](#f2){ref-type="fig"}). The DRI values were always above 1 at any combination of two drugs ([Fig. 2C](#f2){ref-type="fig"}).

![Combination of paclitaxel and metformin has synergistic effect on cell viability in SK-MEL-28 melanoma cells. (A) Representative growth response curves for paclitaxel, metformin and the combination in different ratios. SK-MEL-28 cells were seeded at 5×10^4^ cells/well (0.5 mL) in 24-well culture plates, incubated for 24 hr and then treated with paclitaxel (Tx), metformin (Metf) and their combination for 72 hr. MTT assay was performed for the determination of cell viability. The viability of control cells was regarded as 100%. (B) Combination index (CI) values for the various combination points of paclitaxel and metformin. The CI values were calculated by using CompuSyn software. (C) Drug reduction index (DRI) values of combination of paclitaxel and metformin. DRI values indicate how many folds of dose reduction are allowed for each drug due to synergism as compared to the dose of each drug alone. (D) Western blot analysis for downstream regulatory proteins of cell signaling pathways. Cells were treated with paclitaxel (T, 5 nM), metformin (M, 2 mM) and their combinations for 24 hr. The combination of both drugs caused synergistic decrease of pERK, p4E-BP1 and pp38. β-actin was used as a loading control.](dr-23-2-119-g2){#f2}

Next, to explore the mechanisms underlying the synergistic growth inhibitory effect between paclitaxel and metformin, we characterized the effect of this drug combination on downstream regulatory proteins of cell signaling pathways involved in cell survival and proliferation using Western blot analysis. After 24 hr of treatment, the combination of paclitaxel and metformin led to the enhanced suppression of ERK, 4E-BP1 and p38 phosphorylation compared to that of single agent treatment. But paclitaxel did not affect the metformin-induced suppression of pS6 (Serine235/236) and pS6 (Serine240/244), and did not show any significant effect on metformin-induced acivation of AMPK ([Fig. 2D](#f2){ref-type="fig"}).

3.. Effect of paclitaxel and metformin on the expression of proteins involved in EMT {#ss10}
------------------------------------------------------------------------------------

Since recent reports suggest that metformin blocks metastasis development and paclitaxel enhances metastasis by inducing the migration and invasion of cancer cells ([@ref2]; [@ref29]), we determine by Western blot assay whether paclitaxel, metformin or their combination affect the expression of proteins involved in EMT. Metformin decreased the expression of SPARC and fibronectin in a dose-dependent manner, and levels of integrin β3, integrin αV and N-cadherin were also decreased. In contrast, paclitaxel increased the levels of fibronectin and integrin β3, while it did not significantly affect levels of SPARC, integrin αV and N-cadherin ([Fig. 3](#f3){ref-type="fig"}). Next, we explored changes in the levels of those EMT marker proteins to determine the effect of paclitaxel and metformin combination. Our results showed that paclitaxel potentiated the metformin-induced inhibition of SPARC and fibronectin while there were no obvious alteration in the levels of N-cadherin, integrin αV and integrin β3.

![Western blot analyses for EMT markers in SK-MEL-28 melanoma cells. Cells were treated with increasing doses of paclitaxel (1--10 nM) and metfromin (0.5--4 mM) and their combination (5 nM paclitaxel and 2 mM metformin) for 24 hr. GAPDH was used as a loading control.](dr-23-2-119-g3){#f3}

4.. Metformin potentiates the inhibition of paclitaxel-induced colony formation {#ss11}
-------------------------------------------------------------------------------

In the present study, we revealed that metformin synergistically inhibits the melanomal cell growth induced by paclitaxel. To extend these results into long-term effect of the combination treatment, we tried colony formation assay by culturing SK-MEL-28 melanoma cells for 15 days. As shown in [Fig. 4](#f4){ref-type="fig"}, paclitaxel or metformin as a single agent led to a partial inhibition of colony formation, whereas the combination of both drugs potentiated the inhibitory effect on the formation and growth of cell colonies as compared to either agent alone. These results further support the synergistic growth inhibitory effect of paclitaxel and metformin in cell survival assay.

![Effect of paclitaxel and metformin combination on colony formation in SK-MEL-28 melanoma cells. Cells were seeded in 6-well plates at a density of 600 cells per well. At 24 hr after plating, cells were treated with indicated concentrations of paclitaxel and metformin. Following 15-day treatment, cell colonies were stained using crystal violet dye and pictures were taken with a digital camera. Tx, paclitaxel; Metf, metformin.](dr-23-2-119-g4){#f4}

DISCUSSION {#ss12}
==========

The new therapeutic approach is important to manage the metastatic melanoma which is resistant to existing chemotherapies. Although the recently developed molecular targeted drugs like dabrafenib and trametinib show very high response rate (about 60%) for patients with V600 mutation of BRAF gene, most responses are unfortunately transient due to drug resistance and serious toxicity ([@ref20]). Paclitaxel is a clinically active agent for treatment of a wide range of cancers including melanoma ([@ref15]). In addition to its well-known effects on microtubule dynamics, several studies have reported activation of components of ERK/MAPK pathway in response to paclitaxel treatment ([@ref31]). Activation of ERK/MAPK pathway after paclitaxel treatment may diminish its antitumor activity, since this signaling pathway is associated with cell survival and proliferation. The antidiabetic drug metformin proved to be well-tolerable drug with safety profile and low cost. Metformin as monotherapy or combination therapy inhibits the growth and proliferation of melanoma cell *in vitro* and in xenograft model ([@ref21]; [@ref30]). Our previous reports showed that metformin exerts its antitumor activity via the suppression of ERK phosphorylation as well as mTOR signaling pathway ([@ref17]; [@ref13]). We, therefore, hypothesized that the combination of paclitaxel and metformin might be an effective strategy for inhibition of cell survival and proliferation in melanoma.

The present study demonstrated the synergistic inhibition of cell survival following combination therapy with paclitaxel and metformin in human SK-MEL-28 melanoma cell line. Metformin treatment decreased levels of pS6 (Ser235/6 and Ser240/4) and p4E-BP1, two main downstream targets of mTOR signaling pathway. Metformin also led to suppression of ERK and p38 phosphorylation. On the other hand, paclitaxel induced the phosphorylation of ERK and 4E-BP1. The combination of paclitaxel and metformin synergistically reduced the levels of pERK, p4E-BP1 and pp38 MAPK as compared to the results from treatment of paclitaxel or metformin alone. These results suggest that metformin may suppress the paclitaxel-induced and/or constitutive activation of ERK, 4E-BP1 and p38, and are in agreement with a report showing that combination of paclitaxel with MAPK kinase inhibitor gives additive effect only in cell lines exhibiting paclitaxel-induced ERK activation, and antagonism in cells with low ERK activity ([@ref19]). Of note is that metformin induced the phosphorylation of AMPK, whereas paclitaxel reduced the level of pAMPK. Interestingly, the combination of paclitaxel and metformin resulted in sustained activation of AMPK, indicating that paclitaxel did not seem to influence significantly the effect of metformin on AMPK activation.

Another notable and unexpected new finding in this study is that metformin reduced the phosphorylated form of p38 and the combination of paclitaxel and metformin led to almost complete suppression of p38 activity. p38 MAPK plays dual role as a regulator of cell death, and it can either mediate cell survival or cell death depending on not only the type of stimulus but also in a cell type specific manner ([@ref16]). In addition, most carcinoma cells have shown that the activity of ERK/MAPK and p38 MAPK pathways appears to be mutually exclusive; high level of p38 activity inhibits ERK activity through negative feedback and prevents tumorigenesis ([@ref1]). In melanoma, however, both pathways are simultaneously activated, because the negative loop from p38 to ERK is lost and melanoma cells are insensitive to ERK inhibition by p38. This high activity of p38 and ERK in melanoma is correlated with cell proliferation and migration *in vivo* ([@ref5]). Therefore, simultaneous inhibition of ERK and p38 activities could be more effective in blocking melanoma cell growth than suppression of each kinase individually and our present results from metformin alone or combination treatment with pacli­taxel proved to meet these requirements.

Several recent studies indicate that metformin displays anti-invasion and anti-metastatic properties independently of its effect on cell survival, and the inhibition of metastatic activity is correlated with modulation of expression of proteins involved in EMT such as SPARC, fibronectin and N-cadherin in melanoma cells ([@ref2]; [@ref9]). On the contrary, there is accumulating evidence that paclitaxel promotes metastasis especially in breast cancer while inhibiting the growth of primary tumors ([@ref29]; [@ref18]). So, we wonder whether paclitaxel might compromise the anti-metastatic effect of metformin in melanoma cell. Our results showed that the combination of paclitaxel and metformin synergistically reduces the level of SPARC and fibronectin. Further studies are required to elucidate the effect of combination of paclitaxel and metformin on cell invasion and migration, the important features found in cancer metastasis.

Overall, the present study shows that metformin alone or the combination of paclitaxel and metformin suppresses the activities of S6/4E-BP1, ERK and p38, pivotal effector proteins in mTOR, ERK/MAPK and p38 MAPK signaling pathways, respectively. In addition, the combination of paclitaxel and metformin synergistically inhibited melanoma cell growth and suppressed the regulatory proteins associated with EMT. Further studies are needed to reveal the *in vivo* effect of our combination strategy. To our knowledge, this study is the first report to show synergistic anti-tumor effect between paclitaxel and metformin in melanoma cell line and provides evidence that the combination of paclitaxel and metformin can be a therapeutic option for the treatment of melanoma.
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